Human body surface vibration induced by low-frequency noise was measured at the forehead, the chest and the abdomen. At the same time, subjects rated their vibratory sensation at each of these locations. The relationship between the measured vibration on the body surface and the rated vibratory sensation was examined, revealing that the vibratory sensations perceived in the chest and abdomen correlated closely with the vibration acceleration levels of the body surface vibration. This suggested that a person exposed to low-frequency noise perceives vibration at the chest or abdomen by sensing the mechanical vibration that the noise induces in the body. At the head, on the other hand, it was found that the vibratory sensation correlated comparably with the vibration acceleration level of the body surface vibration and the sound pressure level of the noise stimulus. This finding suggested that the mechanism of perception of vibration in the head is different from that of the perception of vibratory sensation in the chest and the abdomen. 
INTRODUCTION
Low-frequency noise, defined as noise in the frequency range below 100 Hz, is widely prevalentl in living and working environments [1, 2] . Low-frequency noise is not of high loudness, because the hearing threshold levels of human beings are quite high at frequencies below 100 Hz [3, 4] . However, lowfrequency noise is well known to cause annoyance and discomfort [5] [6] [7] . In addition, people perceive vibration when they are exposed to low-frequency noise [1] . The apparent presence of vibratory sensation is a characteristic of low-frequency noise, and many studies have investigated this phenomenon. For example, Inukai et al. performed factor analysis on subjects' impressions of low-frequency noise and found that vibration was one of the main factors in human psychological responses to low-frequency noise [8] . Nakamura and Tokita found that the threshold contour for inducing vibratory sensation was lowest around 60 Hz, where the threshold sound pressure level was about 70 dB(SPL) [9] . In almost all previous studies. researchers focused on the relationship between vibratory sensation and the acoustic properties of low-frequency noise, such as frequency and sound pressure level. There is no doubt that such acoustic properties are the most important factors in the stimulation of the human auditory organs. However, it is uncertain whether or not the vibratory sensation is caused directly by stimulation of the auditory organs, though the possibility is not excluded that the increased pressure on the ear resulting from lowfrequency noise contributes to the vibratory sensation.
Low-frequency noise induces mechanical vibration in the human body, but the level of this vibration is not especially high [10, 11] . It is considered reasonable that the vibratory sensation is indeed the body sensing actual vibration of its tissues (noise-induced vibration). Nevertheless, to the authors' knowledge, few studies have investigated vibratory sensation in association with noise-induced vibration.
The aim of this study was to clarify the relationship between noise-induced vibration and vibratory sensation induced by low-frequency noise. We measured the noise-induced vibration at five locations on the body surface of male subjects. While being exposed to low-frequency noise, each subject rated the intensity of each vibratory sensation on a scale of 1 to 3. The ratings correlated with the measured noise-induced vibration. It was expected that changes in the subject's posture would influence the mechanical characteristics of the body and might therefore change that relationship. To verify such a postural effect, the measurements were carried out with each subject in two postures: a sitting position and a standing position.
SUBJECTS
Nine healthy male subjects whose ages ranged from 21 to 24 yr (mean = 22.6, SD = 1.0) participated in the experiment. Each subject's hearing ability was confirmed to be normal in the 125-to 8000-Hz range by means of an audiometer (AA 73A, Rion, Japan). This study was approved by the ethical inquiry committee of the National Institute of Industrial Health, and informed consent was obtained from each subject before the measurements were taken.
METHODS FOR MEASURING BODY SURFACE VIBRATION
The subjects were exposed to low-frequency noise stimuli in a soundproof test chamber with a capacity of about 25 m 3 [12] . Background noise in the test chamber proved to be lower than 30 dB(A), which was sufficiently low for our study. Fifteen kinds of low-frequency noise stimuli (five frequencies and three sound pressure levels) were used. The noise stimuli were pure tones with frequencies of 20, 25, 31.5, 40 and 50 Hz and sound pressure levels of 100, 105 and 110 dB(SPL). No noise stimulus in the frequency range above 50 Hz was used because such frequencies would reduce the spatial uniformity of the sound pressure levels in the test chamber [12] . On the other hand, to detect noiseinduced vibrations that were at higher levels than vibrations inherent in the human body, noise stimuli lower than 20 Hz were not used and the sound pressure levels of the noise stimuli were set sufficiently high [10] . Sinusoidal signals generated by a function generator (HP3314A, Hewlett Packard, USA) were used as the sources of the noise stimuli. After power amplification, the sinusoidal signals were fed to 12 loudspeakers (TL-1801, Pioneer, Japan) installed in the wall in front of the subject (Fig. 1) , which reproduced the lowfrequency noise stimuli. With the subject absent from the chamber, the gains of the power amplifiers (PC4002M, Yamaha, Japan) were adjusted so that the desired sound pressure level could be measured at the center of the chamber at The Relationship Between Vibratory Sensation and Body Surface Vibration JOURNAL OF LOW FREQUENCY NOISE, VIBRATION AND ACTIVE CONTROLa height of either 100 cm (corresponding to the chest of the sitting subject) or 120 cm (corresponding to the chest of the standing subject). The levels of higher harmonics of the noise stimuli proved sufficiently low when the stimulus was reproduced at levels up to 110 dB(SPL) [12] . During the measurement, a low-frequency sound level meter (NA-17, Rion, Japan) monitored the sound pressure levels of the noise stimuli. The experimental apparatus with the subject in a sitting position.
Noise-induced vibration was measured at five locations on the body surface; the forehead (2 cm above the level of the eyebrow and on the midline), the right anterior chest (2 cm above the right nipple), the left anterior chest (2 cm above the left nipple), the right anterior abdomen (5 cm below the pit of the stomach and 5 cm to the right of the midline) and the left abdomen (5 cm below the pit of the stomach and 5 cm to the left of the midline). Generally, the attachment of an accelerometer to the body can add an additional mechanical system to the body tissue, causing a difference between the acceleration of the accelerometer and that of the body tissue at the site of measurement. To reduce this undesirable effect [13] , we used a lightweight miniature accelerometer (EGA-125-10D, Entran, USA) as a vibration detector. With an accelerometer attached to each measuring location by double-sided adhesive tape and no other supporting material, we detected noise-induced vibration perpendicular to the body surface. After amplification and low-pass filtering (cutoff frequency = 100 Hz) by a strain amplifier (6M92, NEC San-ei Instruments, Japan), the output signal of the accelerometer was recorded on DAT (digital audio tape) by a multi-channel data recorder (PC216Ax, Sony Precision Technology, Japan). Using five identical measuring sets, each consisting of an accelerometer and a strain amplifier, the noise-induced vibrations were measured simultaneously at all five locations. Analysis by means of an FFT analyzer (HP3566A, Hewlett Packard, USA) yielded the power spectrum of the noise-induced vibration measured at each location for each stimulus. The frequency component corresponding to the noise stimulus was transformed to a vibration acceleration level (VAL) defined as:-Vibration acceleration level (VAL) = 20xlog 10 (a meas / a ref ) [dB] , where a meas was the measured acceleration (m/s 2 (r.m.s.)) and a ref was the reference acceleration equal to 10 -6 m/s 2 [14] . To eliminate any effects of transient vibrations corresponding to the beginning or end of each l-min noise exposure, the first and last 10 seconds of each data recording were disregarded and only the remaining 40 seconds were analyzed. We did not separate the inherent vibration from the total measured vibration, for two reasons: (1) the phase relationship between the noise-induced vibration and the inherent vibration was unknown and (2) it was considered that the inherent vibration also contributed to the vibratory sensation.
METHODS FOR MEASURING VIBRATORY SENSATION
The subject rated vibratory sensation in three areas: the head, the chest and the abdomen. It should be noted that we instructed each subject to rate the sensation not merely at each measuring location (e.g., the forehead), but in the entirety of each part of the body being measured (e.g., the whole head). The subject rated each vibratory sensation as either 1, 2 or 3, corresponding to three grades: 'not sensed', 'mildly sensed' or 'strongly sensed'. To record his ratings, the subject used an LED display (labeled 1-3) built into a small response box inside the chamber. Because no reference noise was presented in the measurement, each vibratory sensation was rated independently of the others.
MEASUREMENT PROCEDURES
The measurements were carried out in winter (a dry season in Japan). The temperature at the subject's position in the test chamber was initially set at 25°C although it was adjusted, if he complained, within the range of 23-27°C to keep him comfortable and prevent him from sweating. The humidity in the chamber was maintained at 40% with a humidifier throughout the measurements. Before the measurements began, the subject spent at least 10 min in the test chamber to become adjusted to these conditions. The subject wore no clothes on the upper half of the body, to allow the accelerometers to be attached . The measurements were conducted in two sessions. In the first, the subject sat on a stool in the center of the chamber (Fig. 1) . In the second, the stool was removed and the subject stood in the same place. At the beginning of each session, the inherent vibration was recorded (1 min) with no noise stimulus. Then, a rest period (1 min) with no noise stimulus was followed by an exposure period (1 min), during which the subject was exposed to a noise stimulus and the noiseinduced vibration was recorded. The rest and exposure periods continued alternately. In each rest period, the subject rated the vibratory sensation he had just perceived (during the preceding exposure period) at each of the three areas of the body. Fifteen kinds of noise stimuli were presented in random order for each subject and in each session. The subject was instructed to keep his upper body erect during exposure to a noise stimulus, regardless of his posture. The second session started immediately after the first session ended.
RESULTS
The VALs of the noise-induced vibration measured at all of the measuring locations were reported in another article [15] . At all locations, it was found that the VALs increased with the frequency and sound pressure level of the noise stimulus. These VALs increased at roughly 5 dB increments, which corresponded well to the increments in the sound pressure levels of the noise stimuli. No clear bilateral asymmetry was found between the VALs measured at the right side of the body and those measured at the left side. In addition, no clear effect was observed between the VALs measured while the subject was sitting and those measured while the subject was standing. In Figs. 2 (for the subjects sitting) and 3 (for the subjects standing), the mean rating scores of the degrees of vibratory sensations are shown as a function of the frequency of the The Relationship Between Vibratory Sensation and Body Surface Vibration JOURNAL OF LOW FREQUENCY NOISE, VIBRATION AND ACTIVE CONTROLnoise stimulus. All of the vibratory sensations tended to be rated highly at higher frequencies and at higher sound pressure levels. It should be noted that the vibratory sensation in the head was rated highly even at 20 and 25 Hz, whereas the perceptions in the other two parts were very low at those frequencies. Figures 4 (for the subjects sitting) and 5 (for the subjects standing) show the correlations between the mean rating scores and the mean VALs of the noiseinduced vibration measured at each corresponding location. In the correlations obtained at the chest and the abdomen, two VALs-those measured at both the
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right and left sides of the body -are plotted to one rating score. A solid line and a formula incorporated in the figure represent a regression line calculated with all the VALs plotted in each figure, regardless of the frequency of the noise stimulus. The gentlest gradient of the regression line was found at the head, whereas the steepest was found at the abdomen. This showed that the vibratory sensation in the abdomen was very sensitive to changes in the magnitude of the noise-induced vibration. The correlations between the mean rating score (RS) of the vibratory sensation and the mean VAL measured (a) at the head, (b) at the chest and (c) at the abdomen of the sitting subject. At the chest and abdomen, two VALs, those measured at the right and left sides of the body, are plotted to one rating score. The correlations between the mean rating score (RS) of the vibratory sensation and the mean VAL measured (a) at the head, (b) at the chest and (c) at the abdomen of the standing subject. At the chest and abdomen, two VALs, those measured at the right and left sides of the body, are plotted to one rating score.
With a statistics software package (SPSS 10.0J for Windows, SPSS Japan, Japan), we calculated Pearson's correlation coefficients for these frequency-
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independent correlations (Table .I). The correlation coefficients obtained at the chest and the abdomen were both higher than 0.8, while that obtained at the head was lower. At all of the measuring locations and for both postures, these frequency-independent correlations were found to be statistically significant (p<0.01). Examination of the correlations shows that each subgroup categorized by frequency had a different feature of correlation from the other. Among the three locations, the frequency-dependence was the most apparent at the head, which was the main reason why the data plotted in the correlation at the head appeared to be scattered. At the chest and abdomen, on the other hand, the frequency-dependences in the correlations were found to be weaker than at the head. (Table I) . At the abdomen (Figs. 4(c) and 5(c)), however, the gradient of the regression line was found to be clearly higher for the subject standing (0.089) than for the subject sitting (0.060). This difference suggested that standing, as opposed to sitting, increased sensitivity to changes in the magnitude of mechanical vibration induced on the abdomen. At the head and the chest, no clear difference was found between the gradients of the regression lines for the subjects while sitting versus standing. This suggested that the vibratory sensation in these parts was independent of the subject's posture.
For comparison, Figs. 6 (for the subjects sitting) and 7 (for the subjects standing) show the correlations between the mean rating scores of the vibratory sensations and the sound pressure levels of the noise stimuli, which were obtained by the same manner as described above. The Pearson's coefficients calculated for these correlations are also listed in Table I At the chest and the abdomen, the coefficients were smaller than those obtained for the correlation with the VAL of the noise-induced vibration. This suggested that the vibratory sensations in these parts were more closely related to actual vibration induced on the body surface than to acoustic stimulation by low-frequency noise. At the head, on the contrary, the coefficients for the correlation with the sound pressure level were nearly equal to those for the correlation with the VAL. This suggested that actual body vibration and acoustic stimulation contributed comparably to the perception of vibratory sensation in the head.
DISCUSSION
If we hypothesize that the threshold VAL for inducing vibratory sensation corresponds to a score of 1 ('not sensed'), we see consistently in Figs. 4 and 5 that the threshold VAL for the vibratory sensation in the chest or the abdomen is about 82 dB. The figures show also that the threshold VAL for the vibratory sensation in the head is much lower than that. However, these prudent considerations may mislead us. It should be noted that the subjects were exposed only to high-level low-frequency stimuli in the 100-to 110-dB(SPL) range. The exposure to stimuli in such a limited range might bias a subject's judgment in rating vibratory sensation. Hence, the threshold VAL for inducing a vibratory sensation will not be discussed in this article. The results of this study suggested that at the chest and the abdomen, vibratory sensation induced by low-frequency noise was closely related to mechanical vibration induced on the body surface. Yamada et al. reported that deaf persons perceived low-frequency noise by sensing vibration on the chest [16] . Our findings are consistent with their results and show the possibility that persons with normal hearing perceive low-frequency noise through a mechanism similar to that which deaf persons use. Four types of mechanoreceptive channels are known to mediate somatic sensation in the glabrous skin [17] , as are three types in hairy skin [18] . Although the dominant type of mechanoreceptive channel has yet to be identified, it is considered that mechanoreception in the human body plays an important role in perceiving vibration induced by low-frequency noise.
In contrast with the vibratory sensations in the chest and abdomen, those in the head correlated well not only with the VAL of the noise-induced vibration but also with the sound pressure level of the low-frequency noise stimulus. This suggests that not only the actual body vibration but also acoustic stimulation of the auditory organs contribute to vibratory sensations in the head. After the measurements, many subjects reported that they felt vibration not on the surface of the head but inside the head. Also, a study by Møller showed that one of the main responses to low-frequency noise was an oppressive sensation on the ear [7] . One speculation is that high-level low-frequency noise induces periodic pressure changes in the tissue and fluid inside the head, through the auditory organs, and that this change inside the head induces the vibratory sensation. Because the magnitude of the pressure change induced inside the head is expected to be approximately proportional to the sound pressure level of a lowfrequency noise stimulus, this speculation is consistent with our results that the vibratory sensation in the head correlated significantly with the sound pressure level. If we hypothesize that two factors (the mechanical vibration on the body surface and the pressure change inside the head) induce the vibratory sensation in the head interactively, then frequency-dependence in the vibratory sensation is expected to be more complicated than in the case where either factor dominates in the perception. This would be consistent with our results that the most apparent frequency-dependence was in the correlation between the vibratory sensation in the head and the VAL of the noise-induced vibration. Although the details remain to be investigated, the results of this study suggest that the mechanism to perceive vibration in the head differs from the mechanisms at work in the chest and abdomen. And it is considered that the auditory organs play more important roles in perceiving vibration in the head than in the other two parts.
Our results also suggested that people standing, rather than sitting, were more sensitive to changes in the magnitude of mechanical vibration induced on the abdomen (Figs. 4(c) and 5(c) ). At the chest and the head, on the contrary, posture was not found to have any clear effect. Mechanical characteristics of the human body, such as skin tension, muscle tension and intra-abdominal pressure, are considered to be more posture-dependent in the abdomen than in the head or the chest. For example, the skin and muscle in the abdomen are relaxed when the subject is sitting and tightened when he is standing, whereas the mechanical characteristics of the head and the chest are hardly affected by bending at the hips. However, our results provide no suggestion on the relationship between posture and the sensitivity of mechanoreception in the abdomen. Further studies are needed to confirm our findings that the sensitivity of mechanoreception is dependent on posture.
This study yielded many interesting results, but some points remain to be improved and resolved in the future. First of all, the subjects did not wear hearing protectors. This prevented them from hearing their physiological noises abnormally loudly, and ensured that they would be exposed to low-frequency noise stimuli under normal conditions. As our results suggest, the contribution of the auditory stimulation to perception of vibration is not negligible. Secondly, vibration from noise was expected to be induced not only on the body surface but also in the inner body. The possibility is not excluded that the vibration induced in the inner body contributed to the perception of vibration. And the vibration induced at one location might contribute to the sensation of vibration at a different location. In addition, we used the noise stimuli in the limited range of sound pressure level and frequency, and the subjects rated their vibratory sensations according to three grades. Further studies are desirable to confirm the relationship between the noise-induced vibration and the vibratory sensation induced by low-frequency noise.
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